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Chapter 1  
Introduction 
1.1 Background and Motivation 
Hybrid integration of diverse materials is an essential breakthrough to multiple technological fields 
because we can achieve reciprocating materials properties, such as hardness and toughness, at the same 
time.  Particularly, the hetero integration of metals and polymers is highly attractive to the fields of bio-
medical electronic packaging and lightweight structural material due to its flexibility and low fabrication 
cost, which may contribute in realizing a lightweight and “smart” material for Internet on Things (IoT).  
However, because the human safety will be one of the key issues to such IoT hybrid materials, 
conventional hybridization methods like adhesives are becoming difficult to be utilized due to their 
comparably low interfacial reliability.  A direct, robust, non-toxic, and easy-to-use assembly, i.e. 
bonding, method is highly required to polymers and metals. 
For this, a compatible bondability should be created simultaneously to the diverse materials at low 
temperature.  In addition, the bonding process has to be carried out without vacuum atmosphere for the 
sake of productivity in actual industry.  Therefore, we have proposed a novel bonding method utilizing 
vacuum ultraviolet (VUV) surface modification, which is supported by the formation of ultrathin 
compatible bridge layers.  In this thesis, the underlying technologies such as the evolution of chemical 
binding status, bond formation mechanism, bond strength and so on are elaborated on.  Furthermore, 
some examples of hybrid bonding are demonstrated using typical engineering polymers and metals. 
 
1.1.1. Hybrid integration between polymers and metals 
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Biomedical micro electromechanical system (bio-MEMS) attracted increasing attentions for future 
health monitoring and therapy methods [1-8] in the past few decades because of its advantages such as 
miniaturization, lightweight, low power consumption and high reliability [9].  Especially, implantable 
bio-MEMS became attractive because it could provide continuous monitoring and long-term curing [10, 
11].  The implant bio-MEMS required flexibility in shape and chemical tolerance for sake of 
compatibility to internal body movement.  Consequently, it was quite predictable that we needed to 
replace conventional brittle packaging materials with flexible polymer materials (Table 1.1 [12]).  
Those polymer materials were widely chosen to bio-MEMS applications because of high robustness 
against critical environment inside the body such as moisture, acid, and so on.  Among these promising 
materials, we select poly-oxymethylene (POM) and poly-etheretherketone (PEEK) (Fig. 1.1) as the 
starting materials for hybridization, because they have high toughness and mechanical strength, tolerance 
to chemical solvents and radioactive, good dielectricity [13-28].  Additionally, these engineering 
materials are available at low production cost and already adopted to the field of structural materials.  
From the viewpoint of bio-MEMS devices, it was inevitable that the insulation polymer substrates had 
to be hybridized with wiring metals in order to secure the electronic interconnection between the sensing 
source and control chip (Fig. 1.2).  However, a bottom-up direct fabrication, such as photolithography, 
was highly difficult to the combination of organic/inorganic materials due to the differences in production 
scheme and bond mechanisms inside the materials.  Therefore, a discrete assembly (i.e. bonding) was 
Table 1.1 List of advanced polymer materials [12] 
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inevitable to the integration of polymers and metals. 
 In order to create sufficient bondability among polymers and metals, there were three kinds of 
interfaces we had to create at the same time, which were between polymer-polymer, metal-metal, and 
polymer-metal (Fig. 1.3).  This was because a thick adhesion layer such as solder ball should be 
eliminated to maintain the interfacial flexibility so that the thermal strain could be compensated by 
deforming whole body.  Consequently, all the materials were supposed to appear on the same plane to 
 
Fig. 1.2 Breakthrough physical limit of homogenous material: obtaining electro-conductivity and 
electric shock prevention ability simultaneously by metal-polymer hybrid 
 
Fig. 1.1 Chemical structural formula of (a) POM and (b) PEEK 
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be bonded at the same time.  Here, the necessity of compatible bondability to diverse materials was 
generated. 
In order to provide sufficient bondability to those diverse materials, we had to overcome some issues: 
(1) Low process temperature below glass transition temperature (Tg); (2) less matrix damage to organic 
materials to keep the materials properties; and (3) non-vacuum atmosphere for the compatibility to 
conventional industrial production. 
 
1.1.2. Conventional bonding methods 
1.1.2.1. Conventional polymer-metal bonding methods 
Conventional polymer-metal bonding technologies included welding [29, 30], adhesives [29, 31-33] 
and mechanical fastening [29] (Table 1.2).  Welding method was the most consolidated method in many 
industry areas including polymers.  However, a direct welding between metal and polymer was not 
possible due to temperature that was too high to organic materials [29].  In addition, the polymer-metal 
welding was currently based on covering the metal component with polymer film and welding with 
another polymer component [29].  Such covering process required severe surface modifications using 
comparably high temperatures and chemical solvents, resulting in increasing turn-around-time (TAT).  
Furthermore, high temperature degraded the alignment accuracy due to the thermal expansion mismatch 
 
Fig. 1.3 Schematic image of three interfaces in polymer-metal hybrid: a polymeric interface, a metallic 
interface and a polymer-metal interface.  These three interfaces require different bond mechanisms. 
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between diverse materials, thus ultrafine interconnection would be difficult for MEMS packaging.  
Adhesive bonding was a very effective method for diverse materials, but it may not be suitable in bio-
MEMS because most adhesives risks of bio toxicity and low mechanical and thermal reliability.  Some 
beam-induced surface modification techniques enabled the direct bonding between polymers and metals, 
however, most of those techniques required high vacuum conditions to accelerate high energy beam [33].  
Also, those methods had a limitation in possible internal bond mechanisms.  Another way to polymer-
metal hybrid bond was mechanical fastening which had a straightforward process and provided extremely 
good bond strength.  Nevertheless, this process tended to cause a stress concentration at highly-distorted 
interfaces in the scale of several tens micrometers, which was not suitable for bio-MEMS packaging. 
 
1.1.2.2. Vacuum ultraviolet (VUV) treatment 
Recently, the VUV technology was confirmed to be a suitable surface modification for polymer 
bonding [34, 35].  Because of the high photon energy of VUV, many kinds of chemical species could 
be dissociated, which often resulted in the elimination of surface contamination and/or replacement of 
outmost functional groups (i.e. the surface modification) [36].  Generally, the modification of surface 
was obtained via low molecular weight oxide material (LMWOM) formed on the outmost surface [34, 
Table 1.2 Conventional polymer-metal bonding technologies and their challenges 
Methods Challenges Requirements 
Welding 
Heat damage 
Complex process 
Low temperature 
Direct bonding (without adhesive) 
Atmospheric pressure process 
Adhesive 
Bio-toxicity 
High vacuum process 
Mechanical 
fastening 
Not well sealed 
Stress concentration 
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35, 37-41].  Because the glass transition temperature of LMWOM layer was lower than that of the 
original polymers, the bonding could be achieved at low temperature almost directly in atmospheric 
pressure [34, 35, 37-41].  The values of chemical bond energy and corresponding required wavelength 
are exampled in Table 1.3.  Since (1) the possible candidates of functional groups to create bridging 
function were considered to be C-O and C-C in POM and PEEK, and (2) nitrogen atmosphere could be 
utilized as inert atmosphere during the VUV irradiation, we selected to use the light source with the 
wavelength of 172 nm.  However, once the combination of bonding included metals, a bondability 
cannot be obtained only by the VUV irradiation because thick and chemically stable surface compounds 
like oxide would not be dissociated by those energies.  Hence, a further activation source had to be 
involved in the VUV irradiation so that the bridging molecules could react with the surface and created 
covalent and/or coordinate bonds between polymers and metals. 
 
Table 1.3 Chemical bond energy and required dissociation wavelength 
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1.2 Proposal of new bonding method 
In order to achieve covalent/coordinate bonds between organic materials and metals at low 
temperature and atmospheric pressure, we proposed to utilize ultrathin aqueous compounds like metal 
hydrate as one of the most primitive and easiest-to-use materials for a bridge layer, because it could result 
from hydroxyl groups, carboxyl groups, amine groups and epoxy groups at low temperature. 
However, given POM and PEEK as the starting materials, the bridge layer formation processes should 
be different according to the diverse operating temperature of those materials.  The operating 
temperature of POM was 110 ~ 120 °C, consequently the bonding must be realized at temperature lower 
than this, that was, the dehydration reaction cannot be adopted to POM.  Therefore, we selected to use 
another bridge formation method.  Because the surface of POM was easy to create amine and epoxy 
groups, which allowed to create chemical bonds between the surfaces at a temperature of 100 °C [42], 
we adopted self-assembled monolayer (SAM) including these groups after the VUV treatment. 
On the other hand, in case of hybrid bonding between PEEK and other metal materials, which was 
tolerant of the process temperature higher than 250 °C, we could use the dehydration condensation 
reaction between the bridge layers, which would result in high bond strength, provided that the metal 
oxide was sufficiently deoxidized.  For this purpose, we proposed a vapor-assisted VUV technology 
(Fig. 1.4). 
 
Fig. 1.4 Mechanism of the proposed vapor-assisted VUV modification on metal substrate 
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By introducing water vapor into the VUV irradiation as atmosphere at highly tuned humidity (i.e. the 
concentration of water molecules), hydrogen and hydroxyl radicals could be created through dissociating 
water molecules.  These hydrogen radicals could partly deoxidize the surface of metal oxide to form 
sufficient cation sites, which further reacted with the hydroxyl radicals to create a hydrate bridge layer.  
As for PEEK surface, the hydroxyl radicals contributed in replacing the side chains to hydrophilic 
functional groups. 
 
1.3 Outline of thesis 
In order to realize these hybrid bonding technologies based on SAM and vapor-assisted VUV methods, 
the following issues are studied in this thesis: 
(a) Evolution of surface chemical structures via surface modification, 
(b) Optimization of process parameters, 
(c) Bonding experiments and interfacial observations of nanostructures. 
This doctoral thesis is consisted of six chapters: the synopses of other chapters are shown as follows: 
Chapter 2 “POM low temperature direct bonding” describes POM surface modification methods 
by SAM.  With these methods, direct bonding for POM substrates at 100 °C was achieved in atmosphere.  
Theoretical calculation was carried out to evaluate the bonding interface. 
In Chapter 3 “POM-PMMA room temperature bonding”, bonding between poly-methyl 
methacrylate (PMMA) and POM is proposed.  The bonding was achieved at room temperature by using 
simple embedding process. 
In Chapter 4 “Vapor-assisted VUV surface modification technology”, a novel vapor-assisted VUV 
surface modification method was proposed.  The proposed vapor-assisted VUV was capable of both 
polymer and metal surface modifications.  An optimized condition for polymer modification was 
obtained through theoretical calculations and experimental study. 
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Chapter 5 “PEEK-Pt low temperature direct bonding” presents hybrid bonding of PEEK and Pt 
through three different surface modification methods: vapor-assisted VUV, fast atom beam bombardment 
and simple VUV.  Theoretical calculations were also carried out to evaluate the bonding interfaces. 
Chapter 6 concludes this thesis and describes future research. 
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Chapter 2  
POM low temperature direct bonding 
  
The contents of this chapter have been published in our following 
journals papers: 
Jpn. J. Appl. Phys., 57 (2018) 02BB01. 
This chapter elaborates a direct bonding of POM at low temperature of 100 °C 
via SAM.  Direct bonding for POM was a critical issue because POM had low 
surface free energy, and the bonding temperature could not be higher than 110 °C 
for sake of the low operating temperature.  To achieve such low temperature 
bonding, SAM was introduced to modify POM surfaces with amine- and epoxy-
terminated molecules.  In order to adsorb SAMs on POM, VUV/O3 treatment was 
carried out to create hydroxyl groups on POM surface, which further reacted with 
SAMs.  The modification effects were analyzed by XPS and SEM.  The XPS 
analysis showed that both amine- and epoxy-terminated SAMs adsorptions were 
successful.  Shear test showed the modification improved bonding strength.  The 
XPS also confirmed that VUV/O3 treatment was effective on organic 
contamination removal and the subsequent POM C-O binding dissociation.  Since 
the excessive VUV/O3 treatment would lead to POM surface degradation, an 
optimized process condition was obtained at 60 s process time.  The optimized 
bonding reached a strain release energy of 51.3 mN/m, which was at same level 
with POM surface free energy, and thus the bonding was strong enough. 
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2.1 Introduction 
In Chapter 2, a direct low temperature poly-oxymethylene (POM) bonding technology was proposed.  
The bonding was achieved by surface modification, of which the effect was investigated. 
As described in Chapter 1, in order to realize the low temperature POM bonding, it was necessary to 
create functional groups on POM surfaces.  Thus, self-assembled monolayer (SAM) modification was 
introduced in POM bonding as that Tang and Lee reported room temperature bonding through amine- 
and epoxy-terminated SAMs in 2010 [1].  To achieve SAM adsorption, sufficient reactive group had to 
be created on POM in advance.  Hence, surface activation using vacuum ultraviolet in presence of 
oxygen (VUV/O3), which could dissociate POM C-O chain and create active dangling bonds, was 
required [2].  When water molecule approached on these active sites, the dangling bonds could react 
and form hydroxyl groups, which would further react with methyl groups in SAMs.  On the other hand, 
a challenge could be predicted in this modification that the excessive VUV dissociation may cause 
surface degradation on POM.  Therefore, the VUV/O3 process dose must be optimized to balance 
activation and degradation. 
In this section, POM surfaces were designed to be modified with amine- and epoxy-terminated SAMs.  
The modification was varied by the VUV/O3 process time and the effect was investigated by surface 
morphology and bonding strength. 
 
2.2 POM surface modification and analyses 
2.2.1. Materials preparation 
In this thesis, POM substrates were prepared at dimension of 20 × 10 mm with a thickness of 2 mm.  
Organic cleaning was carried out before surface modification following a standard chemical procedure: 
(1) Ethanol cleaning in ultrasonic bath for 5 min. 
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(2) Pure water cleaning in ultrasonic bath for no less than 5 min. 
(3) Drying by a N2 gun. 
Applied SAMs were (3-aminopropyl)triethoxysilane (APTES) and (3-
glycidyloxypropyl)trimethoxysilane (GOPTS).  Their chemical formulas and functional groups were 
summarized in Table 2.1.  Their functional groups, amine and epoxy, could react at 100 °C and form 
covalent bonds due to epoxy curing reaction [3].  Both APTES and GOPTS were dispersed in pure water 
by ultrasonic bath with concentrations of 5 v/v % and 1 v/v %, respectively. 
 
2.2.2. Experimental processes 
2.2.2.1. VUV activation 
Details of VUV activation process are as follows:  
(1) Organic cleaned POM substrates were introduced into the VUV/O3 equipment, of which information 
is summarized in Table 2.2, and the chamber was evacuated to 20 mbar. 
(2) The chamber was purged using oxygen to keep purity of the operating gas. 
(3) The operating oxygen pressure was controlled at 70 mbar, in consideration of balance between the 
Table 2.1 Chemical formulas and functional groups of APTES and GOPTS 
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VUV powers reaching POM substrate and consumed by dissociating oxygen, according to Lambert-Beer 
Law [4]. 
(4) The VUV/O3 irradiation was carried out with process times of 30, 60, 150, and 300 s, respectively.  
During the irradiation, C-O main chains were dissociated and dangling bonds were created on the POM 
surface. 
(5) The chamber was opened for atmosphere.  By this operation, water molecules in atmosphere could 
react with activated dangling bonds on the POM surface and form a hydrate bridge layer with hydroxyl 
groups. 
 
2.2.2.2. SAM modifications 
POM substrates activated by VUV/O3 were immersed into either prepared APTES or GOPTS 
solutions for 20 min, respectively, in order that the methyl groups of SAMs could react adequately with 
hydroxyl groups on the POM surface.  After the SAM modifications, the POM substrates were rinsed 
by ethanol and pure water, subsequently, to eliminate the residual excess SAMs and possible organic 
contaminations on the surfaces and dried by a N2 gun. 
 
2.2.2.3. Bonding process 
The APTES and GOPTS modified substrates were face-to-face contacted and introduced into a 
bonding equipment (SB6e, SUSS).  Then, the bonding was carried out at 100 °C with an applied 
Table 2.2 Detail information of VUV/O3 equipment 
Lamp Xe2 lamp (Ushio) 
Wavelength 172 nm 
Distance from lamp 13 mm 
Power 10 mW/cm2 
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pressure of 3 MPa in N2 atmosphere for 15 min. 
 
2.2.3. Evaluation methods 
2.2.3.1. Surface morphology 
Changes in the POM surface morphology were observed by atomic force microscope (AFM, 
Shimadzu SPM-8000FM) and scanning electron microscope (SEM, Hitachi SU8200).  AFM scanned 
on a 10 × 10 or a 30 × 30 µm2 area with frequency of 1 Hz.  Parameters Ra and Rz were measured by 
AFM to evaluate surface roughness.  Ra is the arithmetical average value of absolute distances of peaks 
and valleys from the center line within the sampling length, and Rz is the average of maximum peak to 
valley vertical distance within 5 sampling length.  SEM observation was carried out at acceleration 
voltage of 5 kV. 
 
2.2.3.2. XPS analysis 
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI ESCA 1800MC) analysis was carried out to 
clarify conditions for POM surface binding.  Detail information of XPS analysis was summarized in 
Table 2.3.  At first, the analyzed POM substrates were organically cleaned and then prepared with the 
following conditions: 
(1) 0/ 60/ 300 s VUV/O3 irradiation. 
(2) APTES modification (after 60 s VUV/O3 irradiation). 
Table 2.3 Detail information of XPS analysis 
X-ray source Mg Kα 
Power 400 W 
Take-off angle  
(analysis depth) 
45  
(2.4 nm, λ taking 3.4 nm) 
Pass energy 23.5 eV 
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(3) GOPTS modification (after 60 s VUV/O3 irradiation). 
During the XPS analysis, the chamber was evaluated at 10-6 Pa level to reduce influence from outgassing 
due to POM degradation.  The spectrum analysis was carried out using MultiPak software (ULVAC-
PHI).  O 1s (532.8 eV) was used as a reference shift spectrum.  Background subtraction was liner type 
and each spectrum were fitted using a synthetic Gaussian (90%)-Lorentzian (10%) components. 
 
2.2.3.3. Bonding evaluation method 
Bonding strength was evaluated using a manual shear connecting with a digital force gauge 
(LTDDPX-50T, IMADA Co.).  The maximum shearing force just before fracture was recorded.  After 
the fracture, SEM observation on a fractured surface was also carried out. 
 
2.3 Results and discussions 
2.3.1. Surface analyses results 
 
Fig. 2.1 Si 2p spectra of 60 s VUV/O3 treated POM and APTES/GOPTS modified POM (after 60 s 
VUV/O3 treatment) [2] Copyright (2018) The Japan Society of Applied Physics 
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2.3.1.1. XPS analysis results 
Fig. 2.1 shows overlay curves of Si 2p spectra for a 60 s VUV/O3 treated POM surface, and 
APTES/GOPTS modified POM surfaces (after 60 s VUV/O3 treatment) [5].  No obvious Si peak was 
observed on the VUV/O3 treated POM surface while Si peaks occurred on both APTES and GOPTS 
modified POM surfaces.  Since Si element was contained in SAMs, it was confirmed that APTES and 
GOPTS modifications were successful on POM surfaces. 
Fig. 2.2 shows the valence band spectra on VUV/O3 treated POM surface.  A shift of approximate 
2.0 eV on O 2p orbit spectra was observed [6-9].  The O 2p orbit shift represented that the POM surface 
became more electro-conductive, which indicated a carbon condensation due to VUV dissociating POM 
surface.  Double peaks at 4.9 and 2.9 eV could be observed on untreated POM, of which the peak at 2.9 
eV was considered to come from organic contaminations because it disappeared after the VUV/O3 
treatment. 
 
 
Fig. 2.2 Valence band spectra of POM after 0/60/300 s VUV/O3 treatment 
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2.3.1.2. Surface morphology analysis results 
Fig. 2.3 shows SEM images of POM surfaces treated by VUV/O3 with process times of 0, 30, 60, 150, 
and 300 s, respectively.  From Fig. 2.3(a)~(e), it could be observed that pore quantity increased with 
the VUV/O3 process time, which was due to VUV dissociating POM chemical bindings.  A parameter, 
surface pore area ratio (SPAR), was introduced to evaluate the surface morphology of POM substrate.  
 
Fig. 2.3 SEM images of the POM surfaces after (a) 0 s; (b) 30 s; (c) 60 s; (d) 150 s; and (e) 300 s of 
the VUV/O3 treatment [2] Copyright (2018) The Japan Society of Applied Physics 
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The SPAR was defined as ratio of surface pore area to the total surface area, which was calculated from 
the SEM images by photoshop software (Adobe).  The calculation showed SPARs were 0.14, 0.93, 0.83, 
6.6, and 17 % for the treatment time of 0, 30, 60, 150, and 300 s, respectively.  The 30 s irradiated 
substrate had an SPAR at the same level with the 60 s irradiated one.  When the irradiation extended 
over 60 s, the surface pore area expanded strikingly.  This phenomenon was considered that the VUV 
photonic energy was consumed by removing organic contamination within the first 60 s irradiation, 
which also well agreed with XPS valence band analysis that organic contamination peak disappeared 
after the 60 s VUV/O3 treatment. 
AFM scanning showed that although the surface roughness Ra and Rz increased from 13.3 and 134.2 
nm to 26.9 and 312.2 nm, respectively.  On the other hand, the area without any pores had Ra and Rz 
of 21.2 and 139.5 nm.  The AFM results confirmed that the dissociation on POM surface was anisotropic, 
which was due to semi-crystalline of POM. 
 
2.3.2. Bonding results 
2.3.2.1. Bonding strength 
The bonding strength was calculated using the shear force divided by nominal bonded area Anominal.  
The nominal bonded area could be calculated using the following equation: 
 𝐴𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = (1 − 𝛼)
2 × 𝐴𝑡𝑜𝑡𝑎𝑙 (2.1) 
where Atotal was total bonded area which equaled to the POM surface area, and α was the SPAR calculated 
Table 2.4 Shear strengths in term of VUV/O3 process time 
VUV/O3 process 
time 
Average strength 
Standard 
deviation 
0 s Not bonded - 
30 s 193 kPa 38.2 kPa 
60 s 372 kPa 123 kPa 
150 s 81.9 kPa 33.0 kPa 
300 s Not bonded - 
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in 2.3.1.2 section.  There was a square of (1-α) as a coefficient in the equation because both APTES and 
GOPTS modified substrates were treated by VUV/O3, and thus both bonded substrate surfaces had pores. 
The shear strengths were summarized in Table 2.4 by average bonding strength and standard deviation.  
It could be observed that the strength increased with the VUV/O3 treatment until the highest average 
strength of approximately 372 kPa was obtained at the 60 s irradiation time.  When the irradiation time 
further extended, the strength decreased, and the 300 s VUV/O3 treated POM failed to bond.  These 
results well agreed with the valence band analysis and the SEM surface morphology observation that 
VUV dissociation effect on the POM surface was prevented by contamination removal, and became 
striking due to a degradation when the irradiation time extended over 60 s.  In addition, the non-VUV/O3 
treated samples failed to be bonded.  This was considered that the surface modification was not 
sufficient because of poor chemical groups on POM which could react with SAMs. 
 
2.3.2.2. Theoretical strain energy release rate 
In order to further evaluate the bonding, interfacial strain energy release rate was calculated using a 
theoretical model.  The model assumed that:  
(1) The nominal bonded area was concentrated at center of the bonding substrate with area S. 
(2) Crack only extended from edge of the bonded area to the center. 
(3) All the consumed energy was applied in crack extent, and other energy consumption activities such 
as plasticity were ignored. 
From definition, the strain energy release rate satisfied the following equation [10]: 
 G = −
𝜕(𝑈 − 𝑉)
𝜕𝐴
 (2.2) 
where G was the strain energy release rate, and A was the crack area.  Total bonding energy U and work 
associated with external forces V could be calculated by: 
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 U =
𝜎2
2𝐸
𝑆𝐿 (2.3) 
 V =
𝜎2
2𝐸
𝐴𝐿 (2.4) 
in which, σ was the applied stress in shear test, E was Young’s modulus, and L was the thickness of the 
substrates.  Obviously, the total bonding energy U was a constant, thus for homogeneous material the 
strain energy release rate could be written as: 
 G =
𝜎2
2𝐸
𝐿 (2.5) 
Therefore, the nominal and real interface strain energy release rate was: 
 𝐺𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝜎2
2𝐸
𝐿 (2.6) 
 𝐺𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = Ω𝐺𝑟𝑒𝑎𝑙 (2.7) 
where Ω was the ratio of a real bonded area to a nominal bonded area.  The value of Ω was between 0 
and 1, and here it was estimated to be 0.1 for the sake of calculation simplification. 
The highest bonding strength of 372 kPa corresponding to the interfacial strain energy release rate of 
51.3 mN/m, which was at same level with the surface free energy of POM (38 mN/m).  Although the 
value of strain energy release rate was higher than the POM surface free energy, it was considered as a 
result of ignoring the energy consuming activities such as plasticity.  It could be concluded that the 
bonding interface reached limit of the theoretical energy in POM. 
 
2.3.2.3. Fractured surface observation 
SEM observations of the fractured surfaces are shown in Fig. 2.4.  Fig. 2.4(a) shows the fractured 
surface of the 60 s irradiated POM surface.  It could be observed that a membrane layer was remained 
on the fractured POM substrate.  This membrane was considered to be low molecular weight oxide 
material (LMWOM) as a result of surface carbon condensation [11-17].  Fig. 2.4(b) shows the fractured 
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surface of 300 s irradiated POM surface, where the LMWOM remained on the substrates had an 
appearance of a porous material.  This phenomenon further indicated that the excessive VUV/O3 
treatment caused degradation of the POM surface as mentioned in 2.3.2.1 section.  Since the bonding 
mechanism on both interfaces was amine-epoxy curing reaction, the interfaces achieved by the different 
irradiation time conditions should have same strength, which was opposite to our shear strength results.  
Thus, the bonding strength was affected by the strength of the LMWOM layer.  From the bonding 
strength, it could be concluded that the porous material had lower strength than the membrane.  
Therefore, it was considered that the porous material had a lower compactness than the membrane. 
 
2.4 Conclusions 
This chapter was about the development of a bonding method using VUV irradiation and SAM bridge 
formation for POM.  In this chapter, a POM direct bonding was successfully achieved at 100 °C.  
APTES and GOPTS were applied as the amine and epoxy bridges on a pair of bonding surfaces, 
respectively.  The XPS analyses results showed that there were Si 2p spectra on the modified surfaces, 
which were included only in APTES and GOPTS layers.  Moreover, SEM and XPS observation results 
 
Fig. 2.4 SEM images of the fractured POM surfaces at (a) the 60 s VUV/O3 process time (membrane); 
and (b) the 300 s VUV/O3 process time (porous structure) [2] Copyright (2018) The Japan Society of 
Applied Physics 
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presented the pore formation during the VUV surface modification according the irradiation time.  The 
pore formation started to occur just after the initial surface contamination was eliminated, hence an 
excessive VUV irradiation resulted in the dissociation of POM C-O chain that derived a reduction of 
bond strength.  Therefore, we found that there was an optimum irradiation time at around 60 s for POM, 
where only the initial contamination was removed.  Based on a strain release energy model of a crack 
propagation, the highest bonding strength at optimized irradiation time reached 372 kPa, which 
corresponded to a strain release energy rate of 51.3 mN/m.  Although the values of this calculation 
tended to be higher than actual due to the assumptions for calculation, we could mention that the bond 
strength was as high as the POM theoretical limit energy of 38 mN/m (i.e. the bulk fracture energy). 
This technology demonstrated the world first low temperature POM bonding.  It opened new 
possibilities for POM future applications in bio-MEMS packaging.  It also provided possibilities for 
direct bonding of polymers with low operating temperatures.  By modifying metals using the same 
method, a hybrid bonding between POM-metal could also be expected in near future. 
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Chapter 3 
POM-PMMA room temperature bonding 
  
The contents of this chapter have been published in our following 
journals papers: 
Jpn. J. Appl. Phys., 57 (2018) 02BB01. 
This chapter elaborates a room temperature direct bonding between POM and 
PMMA.  In specific POM application, such as dental implant, a room temperature 
was expected to avoid scald.  To achieve such bonding, PMMA was introduced 
because the ketone groups in PMMA could react with amine at room temperature 
and PMMA itself was a bio-inert polymer material.  The POM surface was 
modified using amine-terminated SAM.  The PMMA was prepared as a semifluid 
mixture, and thus it could glue into pores on POM, which were formed by VUV 
dissociation.  The bonding was formed by simple drying of the semifluid PMMA.  
Comparing with the POM bondings, the bonding strength was reinforced by the 
proposed method because of the anchoring effect.  A theoretical calculation 
estimated that the interface between POM and PMMA had a strain release energy 
of 32 mN/m, which was at the same level with both POM and PMMA theoretical 
limit energies.  The proposed method was expected to be applied in practical 
dental therapy. 
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3.1 Introduction 
In Chapter 3, a direct bonding method at room temperature between poly-oxymethylene (POM) and 
poly-methyl methacrylate (PMMA) was proposed. 
As mentioned in chapter 2, POM required a low temperature bonding because of its poor heat 
resistance (i.e. low operating temperature) [1].  Especially, in fields such as dental applications [2-4], in 
order to avoid scald, the practical temperature had to be precisely controlled within a margin of safety, 
such as room temperature.  To further decrease the bonding temperature, the designed functional groups 
had to be reactive also at room temperature.  PMMA was a polymer which was conventionally used in 
dental therapy.  Thus, PMMA was introduced into the bonding because it contained ketone functional 
groups that could react with amine groups on the self-assembled monolayer (SAM) modified POM 
surface by nucleophilic addition reaction at room temperature. 
In this chapter, preparation of PMMA would be described, and the bonding would be discussed in 
terms of the bonding strength and the interfacial strain release energy. 
 
3.2 POM-PMMA bonding method 
3.2.1. Materials preparation methods 
The POM substrate was prepared as described in chapter 2.  The SAM that provided amine groups 
in this experiment was (3-aminopropyl)triethoxysilane (APTES).  The preparation of APTES solution 
was also described in chapter 2. 
PMMA was prepared using a dental adhesive resin cement (super-bond C&B, sun medical), which 
contained: polymer powder, monomer and catalyst.  The major constituent of the polymer powder was 
PMMA.  The major constituents of monomer were methyl methacrylate (MMA) and 4-
methacryloyloxyethy trimellitate anhydride (4-META), which could be polymerized to PMMA under 
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acceleration of partly oxidized tri-n-butyl boron (TBB, i.e. the catalyst).  The preparation process is 
shown in Fig. 3.1 as follows: 
(1) Preparing the PMMA powder in a dispensing dish. 
(2) Mixing 4 drops of the monomer with 1 drop of the catalyst in another dispensing dish. 
(3) Dipping a brush into the mixture of the monomer and the catalyst. 
(4) Touching the moist brush to the PMMA powder and form a small ball on the wet tip. 
The small ball on brush was semifluid mixture of PMMA, MMA, 4-META and TBB, which further 
polymerized to a PMMA bulk.  It included a little impurity when it totally dried out.  In the step (2), 
the mixed liquid would be wasted within 5 min from it was created for the sake of quality guarantee. 
 
3.2.2. Surface modification and bonding process 
The VUV treatment was carried out in presence of oxygen (i.e. VUV/O3) as described in chapter 2.  
The process times were controlled at 30, 60, 300 and 600 s.  The APTES modification process was the 
same as described in chapter 2. 
Bonding process was simply embedding the semifluid mixture onto the SAM modified POM.  
Reaction between ketone groups in PMMA and amine groups on POM surface was a nucleophilic 
addition reaction, and the product was imine.  In order to evaluate the bonding strength, the semifluid 
mixture was filled into a mold, and form a PMMA bump on the POM substrate as shown in Fig. 3.2 as 
follows: 
 
Fig. 3.1 PMMA preparation process 
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(1) Filling the mold with the semifluid mixture until the 2-mm-diameter hole was embedded. 
(2) Drying the semifluid mixture for 30 min to form a PMMA bump. 
(3) Pushing the PMMA bump out of mold using a tweezer. 
 
3.2.3. Evaluation methods 
X-ray photoelectron spectroscopy (XPS) analysis confirmed the SAM modification on the POM 
surface.  Since the XPS analysis was discussed in chapter 2, the results would not be mentioned in this 
chapter.  The bonding strength was evaluated using the manual shear apparatus, and the POM surface 
morphology after the fracture was analyzed by scanning electron microscope (SEM), of which the 
processes were as mentioned in chapter 2. 
 
Fig. 3.2 PMMA bump formation process on the SAM modified POM surface 
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3.3 Results and discussions 
The shear strengths were summarized in Table 3.1 by average strength and standard deviation.  The 
strength increased with the VUV/O3 process time until the highest strength of 8.54 MPa was obtained at 
300 s.  With the process time further increasing, the strength decreased.  Comparing with the POM 
direct bonding as mentioned in chapter 2, the strengths increased as well as the optimized condition 
shifted to a longer process time (i.e. a larger irradiation dose).  The reason for this tendency was 
considered to be interface reinforcement due to the semifluid mixture of PMMA embedding into the 
pores on POM surface.  This phenomenon was called “anchor effect”, which was widely applied in 
adhesive bondings [5, 6]. 
A simple calculation model was established to evaluate the bonding strain release energy as shown in 
Fig. 3.3.  The strain release energy could be considered as energy required to create two new surfaces 
from the bonding areas.  In the model, it was assumed that: 
(1) The pores on POM were cylinders with a height h and an cross-area a. 
(2) The dissociation only enlarged the cylinder bottom area a but not deepen the height. 
(3) All the cylinders would be completely embedded with PMMA, and there were no voids or cracks 
throughout the interface. 
(4) Created new surfaces were flat ones. 
(5) Possible degradation beneath the pores was ignored. 
Table 3.1 Shear strength of POM-PMMA in term of the VUV/O3 process time 
VUV/O3 process time Average strength Standard deviation 
30 s 1.04 MPa 0.90 MPa 
60 s 2.64 MPa 1.20 MPa 
300 s 8.54 MPa 3.72 MPa 
600 s 4.75 MPa 0.14 MPa 
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In Fig. 3.3, the bonding area has 3 different layers (i.e. a POM layer, a PMMA layer, and a mixed layer, 
marked as layer I, II, and III, respectively) and 2 different interfaces, marked as interface I and II, 
respectively.  The energies required to create new surfaces could be calculated as follows: 
 𝐸𝐿𝑎𝑦𝑒𝑟 𝐼 = ∫ 𝐺𝑃𝑂𝑀𝑑𝑆0 (3.8) 
 𝐸𝐿𝑎𝑦𝑒𝑟 𝐼𝐼 = ∫ 𝐺𝑃𝑀𝑀𝐴𝑑𝑆0 (3.9) 
 𝐸𝐿𝑎𝑦𝑒𝑟 𝐼𝐼𝐼 = ∫ 𝐺𝑃𝑂𝑀𝑑𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 + ∫ 𝐺𝑃𝑀𝑀𝐴𝑑𝑆𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (3.10) 
 𝐸𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐼 = ∫ 𝐺𝑃𝑂𝑀𝑑𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 + ∫ 𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑑𝑆𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (3.11) 
 𝐸𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝐼𝐼 = ∫ 𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑑𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 + ∫ 𝐺𝑃𝑀𝑀𝐴𝑑𝑆𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 (3.12) 
in which, E was the strain release energy of layer I, II and III, as well as interface I and II; G was the 
strain release energy rate of the POM, PMMA and POM-PMMA interface, which could also use value 
of surface free energy; S0 was the total area of the POM surface; Scylinder was the total area of pore on 
POM surface (Scylinder = Σa1+ a2+ a2+ a3+…+ ai ); Sresidual was the residual surface area on POM except 
for the pore area (Sresidual = S0 - Scylinder).  The strain release energy of the POM-PMMA interface was 
simply calculated based on the bond energy of the interfacial chemical chain.  During the SAM 
modification, the POM C-O bindings were dissociated and reacted with methyl groups in APTES, which 
further reacted with ketone groups in PMMA.  Since the dissociation energy of a chemical chain was 
determined by the weakest binding in the chain, it could be considered that the dissociation energy of the 
nucleophilic addition reaction product equaled to the dissociation energy of C-N binding.  For ease of 
 
Fig. 3.3 A strain release energy calculation model 
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calculation, the POM-PMMA interface strain release energy rate could be estimated using: 
 
𝐺𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
𝐺𝑃𝑂𝑀
=
𝑒𝐶−𝑁
𝑒𝐶−𝑂
 (3.13) 
where eC-N and eC-O represented dissociation energies of C-N and C-O bindings, respectively.  The strain 
release energy rates of the POM, PMMA and POM-PMMA interface were 38, 36, and 32 mN/m, 
respectively.  Substitute the strain release energy rates into the equations 3.1 ~ 3.5, it could be observed 
that the strain release energies of the layers were higher than that of the interfaces, and thus the cracks 
only occurred in either interface I or II.  From the assumptions, with the increase of cylinder bottom 
area, strain release energy of the interface I would decrease and that of interface II would increase.  
Hence, a theoretical maximum energy could be estimated when the strain release energies of interface I 
and II were the same.  The maximum value of equivalent strain release energy rate was calculated to be 
34 mN/m while the total pore area reached 60 %. 
However, it had to be known that the cylinder height (i.e. pore depth) increased with the VUV/O3 
process time, and the POM beneath the pores began to dissociate.  SEM images of the fractured POM 
surfaces at 60 and 300 s VUV/O3 irradiation time are shown in Fig. 3.4(a) and (b), respectively.  In Fig. 
3.4(a), no obvious pores could be observed whereas the pores propagated beneath the mixed layer as 
shown in Fig. 3.4(b).  Since these dissociation pores decrease the bonding strength, it could be expected 
that the practical bonding strength would increase by further optimization. 
 
Fig. 3.4 SEM images of the fractured POM substrates at (a) 60 s, and (b) 300 s VUV/O3 process time 
conditions 
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3.4 Conclusions 
This chapter mentioned about a room temperature bonding between POM and PMMA, utilizing the 
results in Chapter 2.  The PMMA samples were prepared as a semifluid mixture, and thus it could be 
filled into pores on APTES modified POM surface.  The model calculation indicated the maximum 
equivalent interfacial strain release energy of 34.4 mJ/m2, which was comparable with the POM and 
PMMA theoretical energies of 38 and 36 mJ/m2, respectively. 
The bonding method could provide sufficient strength between bio-inert POM and PMMA materials 
at room temperature.  Therefore, it was expected to be used in practical applications, especially dental 
therapies. 
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Chapter 4 
Vapor-assisted VUV surface modification technology 
  
The contents of this chapter have been published in our following 
journals papers: 
J. Mater. Sci. Eng. B, 7 (2017) 49. 
This chapter elaborates a novel vapor-assisted VUV technology for the sake of 
polymer, such as PEEK, and metal surface modifications.  By introducing water 
vapor into a VUV chamber, hydrogen and hydroxyl radicals could be created 
through dissociation by VUV.  The hydrogen radicals could partly deoxidize 
metal oxide and create active cation sites on metal surface.  These cations would 
further react with hydroxyl radicals and form hydrate bridge layers.  Furthermore, 
the polymer surface could be dissociated by VUV and then react with hydroxyl 
radicals to form hydrate bridge layers.  XPS detected novel COOH bindings on 
PEEK surface after the vapor-assisted VUV modification, which confirmed the 
modification was effective.  A theoretical model was established to evaluate the 
modification effect.  It showed that the modification process could be divided into 
three stages, and the modification effect would be controlled directly by the 
humidity (i.e. water vapor molecule concentration).  An optimized condition was 
found at 88.0 mmol/m3 water vapor molecule concentration according to 
experimental data.  The proposed vapor-assisted VUV provided highly 
compatible modification method for polymer-metal hybrid. 
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4.1 Introduction 
In Chapter 4, a surface modification method by novel vapor-assisted vacuum ultraviolet (VUV) was 
proposed.  By applying this method, it was expected that the polymer and metal surfaces could be 
modified with hydrate bridge layers which could form strong covalent bond through dehydration and 
condensation reaction at low temperature. 
Concept of this method was to modify polymer and metal surfaces utilizing hydrogen and hydroxyl 
radicals generated by the VUV-dissociated water vapor molecules.  Thus, the radical generation rates 
were considered highly affected by the humidity in an operating chamber.  Therefore, in this section, 
the modification effect was investigated by controlling the vapor molecule concentration, and a 
theoretical model for the modification optimization was established. 
 
4.2 PEEK surface modification method 
4.2.1. Vapor-assisted VUV mechanism 
Mechanism of the vapor-assisted VUV modification is shown in Fig. 4.1.  By introducing water 
vapor into a VUV chamber, hydrogen and hydroxyl radicals were generated through dissociation by VUV.  
The hydrogen and hydroxyl radicals would react with polymers and metals diversely.  In this section, 
poly-ether ether ketone (PEEK) [1, 2], which was practically applied in hybrid bonding in this thesis, and 
Cu [3], an oxidable metal conventionally used a wiring metal, were introduced as examples.  In Cu 
surface modification, the mechanism was as follows: 
(1) Initial organic contaminations were removed by the VUV irradiation. 
(2) Hydrogen radicals would partially deoxidize the surface of Cu oxide, and thus create cation sites. 
(3) Hydroxyl radicals reacted on those cation sites, and created a hydrate bridge layer (Cu hydroxyl 
compound). 
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In the PEEK surface modification, the mechanism was as follows: 
(1) Initial organic contaminations were removed by VUV irradiation, and hydroxyl radicals were further 
dissociated into singlet oxygen O(1D).  The O(1D) was also created during the metal modifications, 
however, it did not change the modification products (i.e. hydroxyl compound), and thus it was not 
discussed. 
 
Fig. 4.1 Mechanisms of vapor-assisted VUV on Cu and PEEK 
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(2) Chemical bindings were dissociated by the VUV irradiation and the O(1D) reaction, and therefore 
reactive dangling bonds were created. 
(3) Hydroxyl radicals approached on those dangling bonds, and then created a hydrate bridge layer 
(hydroxyl and carboxyl groups). 
 
4.2.2. Experimental apparatus 
A bonding apparatus is outlined in Fig. 4.2.  It consisted of five chambers with discrete vacuum 
systems: a VUV chamber, a standby chamber, a fast atom beam bombardment (FAB) process chamber, 
a surface analysis chamber, and a flip-chip bonding chamber.  The VUV chamber was equipped with a 
172-nm-wavelength VUV lamp (Ushio), which was positioned 7 cm above the substrate surface.  Detail 
information of the VUV lamp is summarized in Table 4.1.  The standby chamber could store up to 4 
samples, and it was maintained at high vacuum level of 10-7 Pa.  In the FAB process chamber, a FAB 
gun (Oxford Applied Research) was located at 7 cm apart from the sample with a 45o incidence angle.  
 
Fig. 4.2 Outline of an experiment apparatus 
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The surface analysis chamber was equipped with an x-ray photoelectron spectroscopy (XPS, ESCA 1600, 
ULVAC-PHI), of which an x-ray source was Al Kα (hυ = 1486.6 eV).  In the flip-chip bonding chamber, 
a heater was positioned on bottom of the sample. 
 
4.2.3. Vapor-assisted VUV modification process 
Prepared substrates were PEEK which would be further applied also in hybrid bonding.  Dimensions 
of the PEEK substrates were 10 x 10 mm2, with thickness of 0.5 mm.  Before the modification, the 
substrates were organically cleaned in ultrasonic bath in order of ethanol (180 s) and pure water (60 s).  
Details of the procedure are described as follows: 
(1) The organically cleaned samples were introduced into the VUV chamber. 
(2) The chamber was evacuated to order of 10-4 Pa. 
(3) Vacuum pumps of the chamber were stopped. 
(4) Water vapor and N2 were introduced into the VUV chamber successively at ratios summarized in 
Table 4.2, until the pressure reached -3 kPa. 
(5) The VUV irradiation was carried out for 10 min. 
(6) The chamber was evacuated back to 10-4 Pa. 
(7) The surface modified substrate was transferred into the surface analysis chamber for the XPS analysis.  
Table 4.1 Detail information of VUV lamp 
Lamp source Xe2 
Wavelength 172 nm 
Distance from sample surface 70 mm 
Power 10 mW/cm2 
Operation temperature Room temperature (about 20 °C) 
Pressure (before gas introduction) 1 × 10-4 Pa 
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In this procedure, the VUV irradiation process time was determined by the necessary stable time of our 
apparatus based on their past performances.  During the VUV irradiation, process temperature and 
relative humidity (Table 4.2) were recorded in order to calculate water vapor density and molar 
concentration.  The calculation equations are shown as follows: 
 𝑒𝑠(T) = 6.11 × 10
7.5𝑇
𝑇+237.3 (4.14) 
 𝑎𝑠(T) =
217 × 𝑒(𝑇)
𝑇 + 273.15
 (4.15) 
 𝑎(T) = 𝑎𝑠(𝑇) × 𝑅𝐻 (4.16) 
 𝐶𝑇𝑜𝑡𝑎𝑙 = 𝑎(𝑇) ÷ 𝑀𝑤𝑎𝑡𝑒𝑟 (4.17) 
In the equations, es(t) and as(t) are saturation water vapor pressure and volumetric humidity (i.e. saturation 
water vapor density), respectively; a(T) is water vapor density in the chamber; CTotal is the total water 
vapor molecule molar concentration; RH is the relative humidity and T is the temperature during the 
process.  The calculated water vapor densities and water vapor concentrations are also shown in Table 
4.3. 
 
4.2.4. XPS analyses 
Table 4.2 Gas concentration conditions according to rations of inlet volume 
Condition 
numbers 
Gas inlet 
 (H2O /N2, %) 
Relative humidity 
(%) 
Irradiation temperature 
(°C) 
PEEK 1 20/80 0.60 20.55 
PEEK 2 30/70 3.60 20.55 
PEEK 3 40/60 8.80 20.60 
PEEK 4 50/50 16.60 20.60 
PEEK 5 90/10 64.30 21.00 
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In XPS analyses, the applied power was 450 W, and the pass energy was set at 10 eV.  Spectra were 
recorded at take-off angles of 15° with respect to surface normal.  Analysis depths corresponding to the 
take-off angles of 15° was 0.9 nm when inelastic mean free path (λ) was assumed as 3.4 nm in polymer 
materials [4].  Spectrum analysis was carried out using the MultiPak software (ULVAC-PHI).  
Backgrounds of the spectra were removed by the Shirley background subtraction mode for peaks of 
transition metal and the Liner background subtraction mode for ones of non-transition metal.  The 
spectra curves were fitted using synthetic Gaussian (80%)-Lorentzian (20%) components. 
 
4.3 Results and discussions 
4.3.1. XPS analyses results 
Since bonding was dominated by conditions on a substrate surface, our curve fittings were focused on 
outmost surfaces (0.9 nm).  Fig. 4.3(a)~(e) show C 1s spectra of PEEK outmost surfaces modified by 
6.00, 36.0, 88.0, 165 and 656 mmol/m3 water vapor concentration conditions, respectively.  As a 
comparison, a C 1s spectrum of an untreated PEEK outmost surface (0.9 nm) is shown in Fig. 4.3(f).  In 
Fig. 4.3(f), it could be observed that the PEEK surface contained CxHy (284.8 eV, from aromatic [5-8]), 
C-O (286.6 eV, from hydroxyl [5-8]) and C=O (287.7 eV, from carbonyl [5-8]) bindings.  After the 
vapor-assisted VUV modifications, as shown in Fig. 4.3(a) and (b), novel peaks with energy gap of 0.8 
± 0.1 eV [5-8] occurred which were considered as C-C peak from aliphatic.  These novel aliphatic 
bindings were considered to come from low molecular weight oxide materials due to carbon condensation 
Table 4.3 Water density and vapor concentration during the vapor-assisted VUV modification 
according to rations of gas inlet volume 
Conditions Gas volume (H2O /N2) Water vapor densities Molar concentrations 
PEEK 1 20% / 80% 0.11 g/m3 0.006 mol/m3 
PEEK 2 30% / 70% 0.64 g/m3 0.036 mol/m3 
PEEK 3 40% / 60% 1.58 g/m3 0.088 mol/m3 
PEEK 4 50% / 50% 2.98 g/m3 0.165 mol/m3 
PEEK 5 90% / 10% 11.80 g/m3 0.656 mol/m3 
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by VUV irradiations [8-16].  In addition, these C-C peaks did not appear when the water vapor 
concentration was higher than 36.0 mmol/m3.  The reason for this difference was considered that the 
VUV photons were totally consumed by water vapor dissociation at this concentration, and thus cannot 
further dissociate the PEEK chemical bindings.  In Fig 4.3(a)~(e), the C=O peaks transformed into 
novel peaks with the energy gap of 4.6 ± 0.2 eV from CxHy peaks, which were recognized as carboxyl 
 
Fig. 4.3 C 1s spectra curve fitting on outmost surfaces (0.9 nm) of: vapor-assisted VUV modified 
PEEK at (a) 6.00, (b) 36.0, (c) 88.0, (d) 165, (e) 656 mmol/m3 vapor concentrations, and the reference 
(f) unmodified PEEK. 
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groups (i.e. COOH) [5-8].  The formation of COOH was considered to be due to two mechanisms:  
(1) Hydroxyl radicals reacted with the VUV-dissociated carbonyl groups. 
(2) Hydrogen radicals reacted with carboxylate dangling bonds created from carbonyl groups by singlet 
oxygen O(1D). 
In addition, hydroxyl functional groups were considered to be formed during the modification.  But its 
chemical bindings were covered with C-O from the PEEK structure.  Thus, the binding was difficult to 
be identified.  As a result, the PEEK was successfully modified with carboxyl functional groups on its 
outmost surface. 
 
4.3.2. Theoretical calculation 
4.3.2.1. Atom numeric ratio of O/C 
PEEK was consisted of carbon, oxygen and hydrogen.  However, since it was difficult to identify 
hydrogen directly, the emphasis of this research was laid on carbon and oxygen.  In this section, an 
equivalent ratio of atomic concentration for O to C (i.e. O/C ratio) was introduced to evaluate surface 
modification effect.  It could be considered that the modification effect increased with the amount of 
oxygen contained in PEEK.  Thus, the O/C ratio increased with the modification effect.  Ideal PEEK 
structure ((-O-C6H4-O-C6H4-C(=O)-C6H4-)n) had 19 carbon atoms and 3 oxygen atoms per monomeric 
unit.  Thus, the O/C ratio in ideal PEEK was calculated as 0.16.  The O/C ratio in PEEK modified by 
the vapor-assisted VUV under each vapor inlet condition were summarized in Fig. 4.4.  In Fig. 4.4, a 
horizontal axis indicates water vapor concentrations and a vertical axis is the O/C ratios.  It can be 
observed that the curves have tendency of decreasing with the increase of the water vapor densities except 
for the area between the two decreases.  Hence, it was considered that the surface modification effect 
decreased with the increase of the water vapor concentrations. 
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4.3.2.2. Calculation of oxygen singlet O(1D) concentration 
The O/C ratio tendency could be explained by the Lambert-Beer Law [17], which indicated light 
attenuation through the material it traveled as the following equation: 
 I = 𝐼0𝑒
−𝜀𝑐𝑥 (4.18) 
In the equation, I0 is irradiance of a VUV lamp and I is the one reached on a substrate surface; ε is a 
molar attenuation coefficient, c is material molar concentration, and x is irradiation distance.  The molar 
attenuation coefficient was estimated as 2.5×107 cm2/mol from reference data [18. 19].  According to 
this equation, it could be calculated that the irradiance reached substrate surface was approximate 0.2 % 
when the water vapor molar concentration was 36.0 mmol/m3.  On the other hand, the irradiance 
reached on the substrate surface could be assumed to be 0, when the water vapor molar concentration 
was 88.0 mmol/m3 and even higher.  This result well agreed with the PEEK curve fitting results in 
section 4.3.1 that the C-C aliphatic peaks did not appear when the vapor concentration reached 88.0 
 
Fig. 4.4 Modification effect evaluated using O/C ratio 
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mmol/m3.  It was considered that the chemical bindings of PEEK would not be dissociated adequately 
if the VUV irradiance could not reach the substrate surface.  Therefore, an optimization of the inlet 
water vapor concentration was necessary and since the excessive water vapor may limit the modification 
effect. 
To optimize the inlet vapor concentration, a model should be introduced from a specific situation.  
First, we considered the situation that the VUV energy was totally consumed by the water vapor.  In this 
situation, we assumed that VUV energy consumed by the water vapor was all costed in water molecule 
dissociations.  As a simple model, gas molecules and radicals were assumed to disperse uniformly in a 
chamber.  Moreover, it was assumed that only the following four reactions occurred during the VUV 
irradiations and the radicals reacted with a substrate were ignored: 
H2O + hν → ·OH + ·H 
·OH + hν → O(1D) + ·H 
O(1D) + ·H → ·OH + heat 
·OH + ·H → H2O + heat 
In these reactions, the first two reactions may consume the VUV energy while the last two reactions 
release heat.  Assuming the energies consumed in both equations were the same for the sake of 
calculation simplification, it could be defined that a coefficient p represented the possibility at which 
single H2O molecule or ·OH radical consumed the VUV energy and was dissociated into ·OH radical or 
oxygen singlet O(1D).  From the definition, it had: 
 p =
𝐸𝑉𝑈𝑉
𝑒
(𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟)𝑉
 (4.19) 
in which, EVUV was the energy consumed by water vapor, e was bond dissociation energy of the O-H 
bond (taking the value from bond energy of water molecule: 459 kJ/mol), V was chamber volume, cOH 
and cwater were concentrations of ·OH radicals and water vapor molecules in chamber, respectively.  
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Because of the situation that the VUV energy was absolutely consumed by the water vapor, EVUV could 
be considered as a constant.  In this case, in a very short time △t, the equation 4.6 could be rewrite as: 
 p =
𝑊𝑉𝑈𝑉S △ t
𝑒
1
(𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟)𝑉
=
𝑊𝑉𝑈𝑉
𝑒ℎ
1
𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟
△ t = α
1
𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟
△ t (4.20) 
here, WVUV was the power of VUV source supplied, S was irradiation area, h was distance from a lamp 
to substrate surface.  A mathematic result of WVUV/eh could be converted into a coefficient α because 
the result was a constant.  Integrating p in a very short period of time tlife, where tlife was defined as 
lifetime of O(1D), then the concentration of O(1D) could be calculated using the following equation: 
 𝑐𝑂1𝐷 = ∫ α
𝑐𝑂𝐻
𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟
𝑡𝑙𝑖𝑓𝑒
0
𝑑𝑡 = α𝑡𝑙𝑖𝑓𝑒
𝑐𝑂𝐻
𝑐𝑂𝐻 + 𝑐𝑤𝑎𝑡𝑒𝑟
 (4.21) 
When the gas system kept balance, the following equations could be fulfilled: 
 p𝑐𝑂𝐻 +
△ t
𝑉𝑁𝐴
𝑘𝑂𝐻𝑐𝑂𝐻 = 𝑝𝑐𝑤𝑎𝑡𝑒𝑟 +
△ t
𝑉𝑁𝐴
𝑘𝑂1𝐷𝑐𝑂1𝐷 (4.22) 
 𝑐 = 𝑐𝑤𝑎𝑡𝑒𝑟 + 𝑐𝑂𝐻 + 𝑐𝑂1𝐷 (4.23) 
In these equations, kOH and kO1D were reaction rate constants of ·OH to H2O and O(1D) to ·OH, 
respectively.  Both reaction rate constants had the same units of L·mol-1s-1 and they were constants at a 
given temperature [20-23].  In addition, c was the sum of concentrations of the water vapor, ·OH and 
O(1D), which was also the initial inlet vapor concentration.  According to the reaction equations, c could 
also be considered as molar concentration estimated in gas inlet conditions (shown in Table 4.3) as well 
as in equation 4.5.  Solving equations (8) ~ (10), the result was as follows: 
 
𝑐𝑂1𝐷 =
2α3𝑡𝑙𝑖𝑓𝑒
2𝑘𝑂𝐻
𝑉𝑁𝐴 [√(
𝑘𝑂𝐻𝑐
𝑉𝑁𝐴
+ 2α −
α𝑡𝑙𝑖𝑓𝑒𝑘𝑂1𝐷
𝑉𝑁𝐴
)
2
+ √(
𝑘𝑂𝐻𝑐
𝑉𝑁𝐴
+ 2α −
α𝑡𝑙𝑖𝑓𝑒𝑘𝑂1𝐷
𝑉𝑁𝐴
)
2
− 4
α2𝑡𝑙𝑖𝑓𝑒𝑘𝑂𝐻
𝑉𝑁𝐴
]
 
(4.24) 
Obviously, the O(1D) concentration cO1D was a function of the water vapor molar concentration ctotal, and 
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cO1D decreased with the increase of c.  This calculation results well agreed with the tendency of O/C 
ratio, which decreased with the water vapor concentration when the vapor concentration was over 88.0 
mmol/m3, and thus indicated a limited modification effect. 
Now, considering a normal situation, the practical consumed VUV power W could be written as 
follows: 
 𝑊 = (𝐼0 − 𝐼) ∙ S = 𝐼0(1 − 𝑒
−𝜀𝑥𝑐) ∙ 𝑆 = 𝑊𝑉𝑈𝑉(1 − 𝑒
−𝜀𝑥𝑐) (4.25) 
Substitute W into equation 4.11, it has: 
 
𝑐𝑂1𝐷 =
2β3𝑡𝑙𝑖𝑓𝑒
2𝑘𝑂𝐻
𝑉𝑁𝐴 [√(
𝑘𝑂𝐻𝑐
𝑉𝑁𝐴
+ 2β −
β𝑡𝑙𝑖𝑓𝑒𝑘𝑂1𝐷
𝑉𝑁𝐴
)
2
+ √(
𝑘𝑂𝐻𝑐
𝑉𝑁𝐴
+ 2β −
β𝑡𝑙𝑖𝑓𝑒𝑘𝑂1𝐷
𝑉𝑁𝐴
)
2
− 4
β2𝑡𝑙𝑖𝑓𝑒𝑘𝑂𝐻
𝑉𝑁𝐴
]
 
(4.26) 
Where β was α(1-e-εxc).  By differentiating equation 4.13, there was a maximum value, where cO1D had 
a highest concentration.  According to the experiment data, this optimized value was turned out when 
the inlet vapor concentration was controlled at 88.0 mmol/m3. 
Considering the O/C ratio with oxygen singlet concentration, it could be concluded that with increase 
of humidity (i.e. vapor molecule concentration), there were three stages in the modification: 
(1) When the vapor concentration was low, the modification was dominated by the VUV dissociating.  
With humidity increasing, VUV energy would be consumed by water molecule dissociation.  Therefore, 
the modification effect decreased with vapor concentration. 
(2) When vapor concentration further increased, singlet oxygen O(1D) became dominating the 
modification.  Since the O(1D) concentration increased with the vapor concentration, the modification 
effect also increased with the vapor concentration. 
(3) When the vapor concentration was excessive and VUV light energy was totally consumed by water 
molecules, with vapor further increasing, the excessive vapor consumed energy that generated O(1D).  
 Chapter 4 Vapor-assisted VUV surface modification technology 
 
   49 
 
Therefore, the modification effect decreased with excessive increased vapor concentration. 
 
4.4 Conclusions 
This chapter was about the vapor-assisted VUV modification method for PEEK and Pt, whose surfaces 
were tolerant of dehydration condensation reaction to create the bridge layer.  Firstly, the number of 
effective radical species on PEEK were theoretically estimated to clarify the mechanism of bridge 
formation.  In this theory, the bonding process was assumed to include three stages: (1) When vapor 
concentration was low, the surface modification was dominated by the activation by VUV.  Therefore, 
corresponding to increasing vapor concentration, the modification effect decreased.  (2) When vapor 
concentration further increased, singlet oxygen O(1D) became dominating the modification.  The O(1D) 
was created by dissociating hydroxyl radials.  Since O(1D) concentration increased with vapor 
concentration, the modification effect increased with inlet number of vapor molecules.  (3) When the 
humidity became too high and VUV energy was totally consumed by water molecules, the excessive 
vapor consumed energy that created O(1D).  Thus, the O(1D) concentration decreased with vapor 
concentration, and the modification effect also decreased.  We proved these phenomena happening on 
the PEEK surfaces from XPS results, and optimized the humidity condition as 88.0 mmol/m3. 
The proposed vapor-assisted VUV modification method provided a strong candidate for future 
polymer-metal hybrid bondings.  By applying the optimized condition in vapor-assisted VUV 
modification, the modified polymer surface could form more oxygen-contained groups, such as 
hydroxyl and carboxyl groups, and thus increase the hybrid bonding strength.  
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Chapter 5 
PEEK-Pt low temperature direct bonding 
  
The contents of this chapter have been published in our following 
journals papers: 
Mater. Sci. Eng. C, 79 (2017) 860. 
J. Mater. Sci. Eng. B, 7 (2017) 49. 
This chapter elaborates a low temperature direct hybrid bonding method between 
PEEK and Pt.  The highly compatible vapor-assisted VUV was applied as the 
surface modification method.  The vapor-assisted VUV modified PEEK-Pt 
bonding was feasible at 150 °C.  From the XPS analyses, it could be found that 
ultrathin hydrophilic bridge layers of Pt hydrate and carboxyl groups on PEEK 
were successfully created.  These layers could generate hydrogen bonds at the 
moment of contact, and then the bonds were strengthened via dehydration 
condensation by further heating.  The highest bonding strength reached 0.75 MPa 
corresponding to the strain release energy rate of 2.0 × 10-1 N/m, which was 
comparable with the theoretical energy of PEEK (i.e. 4.2 × 10-2 N/m).  
Furthermore, the vapor-assisted VUV modified samples had strengths comparable 
with ones with conventional methods (FAB modified sample strength: 0.088 MPa; 
simple VUV modified sample strength: 0.21 MPa) which required high vacuum 
conditions.  The vapor-assisted VUV technology could provide a strong candidate 
for future polymer-metal hybrid, and was expected to be used in future bio-MEMS 
applications. 
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5.1 Introduction 
In Chapter 5, hybrid bonding between poly-ether ether ketone (PEEK) and Pt through the vapor-
assisted VUV was proposed.  Pt had been chosen as an example of bio-inert wiring metal.  Note that 
the vapor-assisted VUV method is available to other bio-compatible metals such as Ti. 
Aim of this chapter, was to realize a low temperature direct hybrid bonding method for packaging of 
a biomedical micro electromechanical system (bio-MEMS).  As mentioned in Chapter 1, in the bio-
MEMS packaging, the hybrid between polymer-metal had the three different interfaces (i.e. a polymeric 
interface, a metallic interface, a polymer-metal interface) that had to be bonded simultaneously, so that 
both polymer and metal must be modified at the same time.  The proposed vapor-assisted VUV was not 
only a low temperature process, but also a highly compatible one that could create hydrate bridge layers 
on both surfaces of polymer and metal [1].  These hydrate bridge layers could form covalent bonds 
directly through dehydration and condensation reactions at low temperature.  Furthermore, the vapor-
assisted VUV could be carried in atmospheric pressure.  Therefore, the vapor-assisted VUV had a 
process advantage over conventional ones under high vacuum condition, such as fast atom beam 
bombardment (FAB) [1, 2]. 
In this section, the vapor-assisted VUV modification effect on the PEEK-Pt hybrid bonding would be 
estimated.  By comparison, the conventional FAB and the simple VUV were introduced as reference 
methods. 
 
5.2 PEEK and Pt modification methods 
5.2.1. Materials preparation 
Dimensions of the PEEK and Pt (purity ≥ 99.5 %) substrates were 10 x 10 mm2, with the thickness of 
0.5 and 0.3 mm, respectively.  The substrates were physically polished before the experiments in order 
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to create a uniform initial surface morphology.  Surface roughness was measured by an atomic force 
microscopy (AFM, Shimadzu).  The roughness of the measured area was 500 nm x 500 nm for each 
substrate with two roughness parameters: Ra and Rz, and the results were summarized in Table 5.1.  
Organic cleaning was carried out in an ultrasonic bath in order of acetone (180 s), ethanol (180 s) and 
pure water (60 s) for Pt, and ethanol (180 s), pure water (60 s) for PEEK. 
 
5.2.2. Vapor-assisted VUV process 
The vapor-assisted VUV process was the same as mentioned in chapter 4.  The vapor concentrations 
were controlled at 36.0, 165 and 656 mmol/m3 for evaluation of the Pt surface modification.  As in the 
hybrid bonding, the vapor concentrations were controlled at 36.0 and 656 mmol/m3 for a simple 
comparison of modification effects between low and high humidity conditions. 
 
5.2.3. FAB and simple VUV process 
The FAB procedure was as follows: 
(1) The substrate was introduced into a FAB process chamber. 
(2) The stage began to rotate in order that the surface was uniformly treated. 
(3) The chamber was purged using flux-controlled Ar gas. 
(4) Process current and voltage were adjusted to 20 mA and 2 kV, respectively. 
(5) The process lasted for 10 min. 
The simple VUV procedure was as follows: 
Table 5.1 Surface roughness before and after physical polishing 
 Before polishing After polishing 
 Ra (nm) Rz (nm) Ra (nm) Rz (nm) 
Pt 41.6 392.4 4.2 53.2 
PEEK 25.9 152.3 1.7 36.8 
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(1) The substrate was introduced into a VUV chamber. 
(2) The VUV chamber was evacuated to the order of 10-4 Pa. 
(3) The substrate surface was irradiated by the VUV for 10 minutes. 
During the Step (2), the VUV chamber was evacuated to the order of 10-4 Pa to reduce the number of 
water molecules included in the chamber.  Since the gas pressure created by using a turbo molecular 
pump was almost equivalent to that of water, the concentration of water molecules was calculated to be 
approximately 1.66 × 10-5 mmol/m3 at the pressure of 10-4 Pa. 
 
5.2.4. XPS surface analyses 
The XPS surface analysis process was mentioned in chapter 4.  For Pt, the analysis depths 
corresponding to take-off angles of 15° was 0.1 nm, as the inelastic mean free path (λ) in Pt was 0.4 nm 
[3]. 
 
5.2.5. Bonding process and strength evaluation method 
The bonding processes for all three kinds of modification methods (i.e. vapor-assisted VUV, FAB, and 
simple VUV) were same as follows: 
(1) The surface modified substrates were transported to a flip-chip bonding chamber (without exposure 
to atmosphere). 
(2) PEEK and Pt substrates (with Pt on the bottom side) were contacted with the load of 1000 N, which 
was necessary to ensure intimate contact between a pair of the surfaces. 
(3) The contacted substrates were heated to 150 oC, which was around the glass transition temperature of 
PEEK (143 °C) [4]. 
(4) The substrates were kept at 150 °C for 10 minutes. 
After the bonding, a shear strength test (Nordson) was carried out to evaluate bonding strain energy 
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release rate between PEEK and Pt.  The shear speed was controlled at 50 μm/s and the maximum force 
just before the fracture was recorded.  In addition, the nominal bonding area was measured using 
Photoshop software (Adobe) during the bonding strength calculation.  A fracture observation was 
carried out by scanning electron microscope (SEM, NB5000, Hitachi). 
 
5.3 Results and discussions 
5.3.1. XPS analyses results 
5.3.1.1 Vapor-assisted VUV modification effects 
The XPS analyses confirmed the vapor-assisted VUV modification effects on PEEK as discussed in 
chapter 4. 
 
Fig. 5.1 Pt 4f curve fitting for the Pt surface modifications under the vapor concentration of (a) 36.0, 
(b) 165, (c) 656 mmol/m3, and (d) untreated Pt surface 
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As for Pt, Fig. 5.1(a), (b) and (c) show results of Pt 4f spectra curve fitting for the vapor concentration 
conditions on 36.0, 165 and 656 mmol/m3, respectively.  By comparison, a curve fitting result of 
unmodified Pt is shown in Fig. 5.1(d).  Fig. 5.1(d) showed that the Pt 4f spectra of the unmodified Pt 
outmost surface (0.1 nm) could be deconvoluted into four peaks: Pt 4f7/2 and Pt 4f5/2 double peaks at 71.3 
and 74.5 eV [5, 6] respectively, Pt4+ from Pt 4f7/2 at 76.6 eV [5, 6], and Pt4+ from Pt 4f5/2 at 80.4 eV [5, 
6].  After the vapor-assisted VUV modifications, novel peaks with the energy gap of 1.3 ± 0.2 eV and 
6.5 ± 0.6 eV apart from Pt 4f7/2 peaks occurred.  These positions matched with Pt2+ from Pt 4f7/2 and Pt 
4f5/2, respectively.  Since the vapor-assisted VUV modification method contained sufficient ·OH 
radicals in chamber, these novel peaks were considered as Pt(OH)2 peaks [5, 6].  Therefore, the vapor-
assisted VUV method was confirmed effective on the Pt surface modification. 
 
5.3.1.2 FAB and simple VUV modification effects 
The modification effects of FAB and simple VUV were evaluated by XPS.  Since an H element peak 
was covered with other peaks, it was difficult to be evaluated [7].  So we focused on atomic 
concentration ratio of O to C (i.e. O/C ratio).  Before the surface modifications, the O/C ratio of the 
outmost PEEK surface (0.9 nm) was about 0.22, while the ideal PEEK structure ((-O-C6H4-O-C6H4-
C(=O)-C6H4-)n) was about 0.16.  After the FAB and the simple VUV modifications, the O/C ratio of the 
outmost surface changed to 0.02 and 0.98, respectively.  It was considered that the excess amount of O 
on the initial surface came from the organic contamination, which would be removed via the 
modifications.  Moreover, rapid atomic concentration decrease of O indicated condensation of C during 
the FAB modification, and thus a low molecular weight oxide material film was formed on the outmost 
surface [8, 9].  The increment of the O content after the simple VUV modification was considered 
attributable to the water molecules from inside the chamber.  A similar tendency was observed in the 
atomic concentration of O and C on the Pt substrate. 
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Fig. 5.2(a) shows the deconvoluted C 1s spectra of unmodified PEEK, while Fig. 5.2(b) and (c) 
respectively show those after the FAB and the simple VUV modification.  In Fig. 5.2(a) and (c), three 
peaks could be deconvoluted from the original peak, in which the highest could be identified as a CxHy 
peak [7, 10, 12, 13], and the other two peaks with energy gaps of about 1.7 eV and 2.8 eV matched with 
 
Fig. 5.2 C 1s spectra curve fitting of PEEK (a) before modification and (b) after the FAB modification, 
and (c) after the simple VUV modification. 
 
Fig. 5.3 O 1s spectra curve fitting of PEEK (a) before and (b) after the simple VUV modification 
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a C-O peak and C=O peak [7, 10, 12, 13], respectively.  In Fig. 5.2(b), the original peak had a different 
curve from those in Fig. 5.2(a) and (c), which was considered to be due to the C condensation on the 
outmost surface of PEEK during the FAB modification.  The original peak was considered to be 
deconvoluted into 5 peaks: a CxHy peak, a C-O peak, a C-O-C peak, a C=O peak, and a COOH peak [7, 
10-12].  Fig. 5.3 shows the O 1s spectrum of PEEK before and after the simple VUV modification.  In 
Fig. 5.3(a), the original peak could be deconvoluted into two peaks with the energy gap of about 1.5 eV, 
and thus they were identified as a C=O peak and a C-O peak [7, 10-12], respectively.  In Fig. 5.3(b), 
the deconvoluted two peaks were closer than those in Fig. 5.3(a), and the energy gap was about 0.9 eV, 
which was believed to be a C=O peak and a C-OH peak [7, 10-12], respectively.  Therefore, the outmost 
structure of PEEK was conceivable to include C-OH groups after the simple VUV modification.  The 
 
Fig. 5.4 Pt 4f spectra curve fitting of (a) unmodified Pt, (b) FAB modified Pt, and (c) simple VUV 
modified Pt 
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O 1s spectra after the FAB modification was too weak and contained too much noise, which could not 
be fitted well, thus the spectra was not used in this thesis.  Fig. 5.4(a), (b) and (c) were the spectra of 
Pt 4f before and after FAB and simple VUV modifications, respectively.  In Fig. 5.4(a) and (b), the 
original peaks had similar curves, which could be deconvoluted from four peaks: Pt 4f7/2, Pt 4f5/2 and Pt4+ 
from Pt 4f7/2 and Pt 4f5/2, respectively.  In Fig. 5.4(c), the original peak curve was different from those 
in Fig. 5.4(a) and (b), in which two new peaks at approximately 1.4 eV and 6.6 eV higher than the Pt 
4f7/2 peak were deconvoluted.  In consideration of this energy gap and the presence of water molecules 
in the chamber, this deconvoluted peak corresponded to the peaks of Pt(OH)2 [11]. 
From these results, it could be concluded that the FAB modification was effective on surface cleaning, 
while the simple VUV modification was capable of creating hydrate bridge layers on both PEEK and Pt 
surfaces. 
 
5.3.2 Bonding strength and theoretical calculation 
5.3.2.1. Bonding strength results 
Shear strengths for each condition was summarized in Table 5.2.  From the strengths, it could be 
known that surfaces modified at the vapor concentration of 36.0 mmol/m3 had higher strength than ones 
modified at 656 mmol/m3.  It was in good agreement with the surface modification effects evaluated by 
the O/C ratio as discussed in chapter 4 in which excessive humidity limited the modification effects.  
Furthermore, both vapor-assisted VUV modified samples showed higher strength than the FAB modified 
ones.  This was considered that after the FAB modification, there was not sufficient chemical functional 
groups for the diverse substrates to react instead of effect on surface cleaning.  The vapor-assisted VUV 
modified samples showed strengths at same level as the simple VUV modified ones because the 
mechanisms of these surface modifications were approximately same in modifying substrate surfaces 
with radicals dissociated by VUV.  However, with better controlled humidity, the modification effect 
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could be optimized, and thus the samples modified with the vapor-assisted VUV under the vapor 
concentration condition of 36.0 mmol/m3 had a higher strength than the simple VUV modified ones.  
Therefore, it could be concluded that the purposed vapor-assisted VUV modification could compete with 
the conventional methods using high vacuum condition. 
 
5.3.2.2. Theoretical strain energy release rate 
Since the PEEK-Pt bonding used diverse materials, the interface strain energy release rates 
calculations were adjusted from those equations discussed in chapter 2 as follows: 
 𝐺𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝜎2
4
(
𝐿𝑃𝐸𝐸𝐾
𝐸𝑃𝐸𝐸𝐾
+
𝐿𝑃𝑡
𝐸𝑃𝑡
) (5.27) 
 𝐺𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = Ω𝐺𝑟𝑒𝑎𝑙 (5.28) 
where the EPEEK, EPt, LPEEK, and LPt represented young’s modulus and thickness of PEEK and Pt, 
respectively.  The results were also summarized in Table 5.2.  The strain release energy rate of the 
Table 5.2 Shear strengths and strain release energy rates of the vapor-assisted VUV, FAB, and 
simple VUV modified PEEK-Pt bondings 
Method Sample No. Bonding 
strength 
Strain energy release 
rate 
Vapor-assisted VUV 
(36.0 mmol/m3) 
1 0.12 MPa 5.0×10-3 N/m 
2 0.99 MPa 3.4×10-1 N/m 
3 1.15 MPa 4.6×10-1 N/m 
Average 0.75 MPa 2.0×10-1 N/m 
Vapor-assisted VUV 
(656 mmol/m3) 
1 0.15 MPa 7.9×10-3 N/m 
2 0.21 MPa 1.5×10-2 N/m 
3 0.26 MPa 2.4×10-2 N/m 
Average 0.21 MPa 1.5×10-2 N/m 
FAB 1 0.03 MPa 3.2×10-4 N/m 
2 0.04 MPa 5.6×10-4 N/m 
3 0.18 MPa 1.1×10-2 N/m 
Average 0.09 MPa 2.8×10-3 N/m 
Simple VUV 1 0.45 MPa 7.1×10-2 N/m 
2 0.10 MPa 3.5×10-3 N/m 
3 0.08 MPa 2.2×10-3 N/m 
Average 0.21 MPa 1.5×10-2 N/m 
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vapor-assisted VUV could reach 2.0 × 10-1 N/m.  As a comparison, the surface free energy of PEEK 
was 4.2 × 10-2 N/m.  Hence, the strain release energy of the samples modified with the vapor-assisted 
VUV reached limit of the theoretical energy in PEEK.  Although the calculated value became higher 
than the true value due to some assumptions which ignored energy consumed by plasticity and anchoring 
effect, it could be considered that the strain release energy of the PEEK-Pt interface was as high as a 
PEEK bulk.  Therefore, it could be concluded that our PEEK-Pt bonding by the vapor-assisted VUV 
modification was successful. 
 
5.4. Conclusions 
This chapter described the results on PEEK-Pt hybrid bonding at 150 °C through vapor-assisted VUV. 
Similar to previous chapters, the calculated strain release energy reached 2.0 × 10-
1
 N/m (0.75 MPa) at 
low vapor molecule concentration (36.0 mmol/m3), which was comparable with PEEK theoretical limit 
energy of 4.2 × 10-2 N/m, while a high concentration (656 mmol/m3) condition showed smaller value 
than this.  Contrary to this, the samples obtained by conventional FAB in high vacuum and simple VUV 
irradiation showed the values of 0.088 and 0.21 MPa, respectively.  From the results presented above, 
we could conclude that the VUV-induced bridge formation was highly effective to create direct hybrid 
interfaces among polymers and metals, at low temperatures without vacuum. 
The proposed vapor-assisted VUV modification achieved the world first direct bonding between 
polymer and metal at such low temperature.  The vapor-assisted VUV technology provided a strong 
candidate for future polymer-metal hybrid bonding, and was expected to be used in bio-MEMS 
applications. 
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Chapter 6  
Conclusion 
 
  In this thesis, the direct hybrid bonding methods for polymers and metals, which could be carried out 
at low temperature without vacuum atmosphere, were developed by utilizing the VUV-induced surface 
activation with ultrathin bridge layers formation.  Such technology would be of a practical use in 
realizing robust and flexible biomedical micro electromechanical systems (bio-MEMS) packaging.  
Given poly-ether ether ketone (PEEK), poly-oxymethylene (POM), poly-methyl methacrylate (PMMA) 
and Pt as the typical starting materials, we proposed to use the dissociated water molecules and self-
assembled monolayer (SAM) during/after the vacuum ultraviolet (VUV) irradiation to form the bridge 
layers, according to the operating and glass transition temperature of organic materials.  The evolution 
of chemical binding condition on each material and the bond mechanisms were investigated to optimize 
the process parameters, then the interfacial structure was analyzed.  The theoretical calculations on 
bonding strength was also carried out to evaluate the bondability.  Results showed that the direct hybrid 
bonding was found feasible with the bonding energy as high as surface free energy of bulk material.  
These achievements are elaborated on in Chapter 1 ~ 5 is as follows: 
Chapter 1 provided the concept of a direct hybrid bonding among polymers and metals, and the 
necessary technologies for sufficient bondability on the different materials at the same time without using 
high temperature and vacuum.  Since the bio-MEMS packages and artificial organic parts required a 
thin, chemically and thermally robust, and flexible integration technology, we had to develop a low 
temperature direct bonding technology.  In addition, vacuum atmosphere had to be eliminated for the 
sake of adoptability to conventional industrial lines.  Therefore, we proposed to use the VUV irradiation 
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in nitrogen atmosphere for the initial surface activation.  For the organic material with low operating 
and glass transition temperature, POM and PMMA (less than 100 °C) for example, we chose to create 
ultrathin SAM layers to utilize epoxy and amine groups as the bridge.  For the heat-tolerant and 
inorganic materials like PEEK and Pt, respectively, the vapor-assisted bridge formation was adopted. 
In Chapter 2, a POM direct bonding was achieved at 100 °C through the use of (3-
aminopropyl)triethoxysilane (APTES) and (3-glycidyloxypropyl)trimethoxysilane (GOPTS) 
monolayers.  It was the first report of a POM direct bonding at such low temperature.  By using such 
method, the required bonding temperature could be reduced, and polymers with poor heat resistance 
could be applied in bondings that conventionally required high process temperature.  Furthermore, it 
had to be noticed that SAM modifications could also be applied on metals.  Therefore, the proposed 
SAM modification method could also provide candidates for polymer-metal hybrid bondings. 
In Chapter 3, a POM-PMMA bonding was realized at room temperature through the use of APTES 
monolayer.  It was the first report that bio-inert polymers could be bonded at room temperature.  The 
proposed method provided a strong alternative bonding technology for biomedical applications, 
especially those who had to avoid scald such as dental therapies.   
Chapter 4 elaborated a novel vapor-assisted VUV modification method.  The established vapor-
assisted VUV method was confirmed to be highly compatible that it could modify polymers as well as 
metals simultaneously.  Its polymer modification effect was controlled by humidity (i.e. vapor 
concentration), and the modification effect could be optimized.  Since its compatibility, the proposed 
vapor-assisted VUV could help bond polymer-polymer, metal-metal, and polymer-metal interfaces 
simultaneously, which was of practical interests in the industrial fabrications. 
In Chapter 5, a PEEK-Pt hybrid bonding was realized at 150 °C through the vapor-assisted VUV 
surface modification.  It was the first report of the polymer-metal hybrid realized at such low 
temperature.  By utilizing the proposed vapor-assisted VUV technology, the complex wiring metal 
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packaging in implantable bio-MEMS became feasible because all the three interfaces could be bonded 
without voids.  In addition, except from bio-MEMS packaging, the proposed vapor-assisted VUV 
could also be applied in industries that required lightweight structure, such as automobile, because its 
atmospheric low temperature process had high compatibility with conventional processes and provided 
a possibility for large-area modification. 
This doctoral thesis confirmed that polymers with low surface free energies could be applied in direct 
bondings through suitable surface modifications.  These modification methods greatly contributed to 
the widespread of polymer-based applications including biomedical devices, automobiles and aircrafts. 
Future work on heterogeneous bonding of polymer-metal will include practical realization of metal 
wire embedded polymer direct bondings for bio-MEMS applications, which also involves physical 
morphology control of material surfaces.  The investigation of this thesis was indispensable for future 
commercialization of biocompatible devices for life science and human health care. 
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